The layer structure has been intensively characterized in the developing neocortex and cerebellum based on the various molecular markers. However, as to the developing dorsal midbrain, comprehensive analyses have not been intensely carried out, and thus, the name as well as the definition of each layer is not commonly shared.
| INTRODUCTION
The rostro-dorsal midbrain, including superior colliculus (SC) and periaqueductal gray (PAG), contain neuronal populations that control motivation, motor and sensory, and attention. These areas are multilayered, with each layer containing distinct neuronal organization and possessing specific inputoutput systems (Edwards, Caviness, & Schneider, 1986) . All layers are intermingled with two subpopulations of excitatory and inhibitory neurons (Puelles, Martínez-de-la-Torre, Watson, & Puelles, 2012) . However, little information is available on mammalian dorsal midbrain development, particularly in regard to progenitor domains and the migration processes of each neuronal subtype.
Most neurons comprising the vertebrate neural network arise from the ventricular layer. After proliferation of progenitor cells, postmitotic neuronal cells set out toward their ultimate destination. Neuronal migration has been extensively studied in the cerebral cortex, where a characteristic "inside-out" lamination pattern is formed (Jackson, Peduzzi, & Hickey, 1989; McConnell, 1988) . Most excitatory neurons arise in the ventricular zone (VZ) and subventricular zone (SVZ) of the cortex, and migrate radially to reach the pial surface of the cortex. Early-born neurons form the deep layers, whereas superficial layers are comprised of later-born cells. In contrast, inhibitory neurons arise from the ganglionic eminence and migrate tangentially to the cerebral cortex (de Carlos, Lopez-Mascaraque, & Valverde, 1996; Marin, 2013) .
Although the mouse dorsal midbrain also displays a laminar structure (Edwards et al., 1986) , the place of birth and the manner of migration of excitatory and inhibitory neurons vary fairly from those in the cerebral cortex (Gray & Sanes, 1991; LaVail & Cowan, 1971) . For example, neurogenesis in the dorsal midbrain roughly follows the temporal program of cellular lamination with a largely radial pattern of neuronal delivery at the segregated layers (Edwards et al., 1986; Tan, Valcanis, Kalloniatis, & Harvey, 2002) . In addition, glutamatergic and GABAergic neurons arise from the same progenitor zone adjacent to the ventricle (Tan et al., 2002) . Interestingly, some transcription factors, such as Megane, Helt, GATA2 and Tal1/Tal2, are reported as critical factors in determination of GABAergic neuron identity in the midbrain (Achimet al., 2012 (Achimet al., , 2013 Guimera, Weisenhorn, & Wurst, 2006; Nakatani, Minaki, Kumai, & Ono, 2007; Wende et al., 2015) . However, information on the laminar composition, especially on the progenitor zone, has not been validated by common classical markers for proliferation and immature neuron. Furthermore, neuronal subtype-specific migration pattern remains to be validated.
Thus, we examined the distribution of proliferating cells using the common proliferating cell marker Ki67 and mitotic marker pH3. These markers clearly illustrated that the dorsal midbrain includes the bordering VZ and a very thin mitotic cell zone at the ventricular surface. We also investigated expression of various markers for glutamatergic/GABAergic lineage in comparison with Ki67. These analyses reveal that postmitotic neurons arise from the ventricular surface, migrate through a proliferative zone and differentiate in the upper half of the dorsal midbrain. In later stages of development, we propose to use active JNK (phosphorylated JNK) as a marker for clarification of layers during late embryonic stages. These findings provide the foundation for analyzing the developmental mechanisms of generating neuronal diversity and histogenetic programs in the dorsal midbrain.
| RESULTS

| Neural progenitors in the dorsal midbrain
Although neural progenitors in the dorsal telencephalon have been the focus of many studies, those in the dorsal midbrain are not well characterized. We investigated the molecular nature of mitotic cells in E13.5 dorsal midbrain by immunostaining with various markers for proliferation and differentiation. Ki67, a proliferating cell marker, marked cells at the ventricular side of the neural tube, although DCX, an early pan-neuronal marker, was observed on the pial side ( Figure 1a ). Their signals were mutually exclusive, implying that the Ki67-expressing cells are neural progenitors, and thus defining this midbrain Ki67-positive layer as the VZ. Double staining of Ki67 with progenitor markers, Nestin and Sox9, further confirmed this notion (Figure 1b,c) . The thickness of the VZ gradually decreased until E15.5, and by E18.5, the residual VZ was observed as a nuclear-dense layer ( Figure 8A,B) .
Interestingly, the intensity of Ki67 expression was biphasic: much stronger at the ventricular surface and relatively weaker in the rest of the region (Figure 1a-e) . This type of biphasic Ki67 intensity is consistent with a previous report (Verheijen et al., 1989) . Phospho-histone H3 on Ser10 (pH3), a marker of M-phase cells, was observed in Ki67 highly expressing (Ki67-strong) cells but not in Ki67 very low expressing (Ki67-weak) cells (Figure 1d ). This observation suggests that the Ki67-strong cells aligned at the ventricular surface are progenitors in a mitotic phase, although Ki67-weak cells are those in interphase. Thus, in this study, we will refer to the layer with Ki67-strong cells as the "Mitotic zone of the VZ," and that with Ki67-weak cells as the "Interphase zone of the VZ" (Figure 1f ). Next, we examined the DCX-positive outer area of the VZ using an antibody for Brn3a (also known as Pou4f1), which is reported to localize in nuclei of premature glutamatergic neurons in the midbrain (Fedtsova & Turner, 1995; Fedtsova, Quina, Wang, & Turner, 2008; Nakatani et al., 2007) . Brn3a expression was limited to a domain lying between the VZ and DCX-dense superficial area (Figure 1e ). This superficial area is adjacent to horizontal fibrous structures immunolabeled by active c-Jun N-terminal kinase (JNK) antibodies (see below, Figure 8A ). Thus, we will refer to this layer containing somal position of immature neurons as the "Intermediate zone (IZ)," and that with fibrous structures as the "Marginal zone (MZ)" (Figure 1f ).
| Glutamatergic and GABAergic neurons in the dorsal midbrain at early neurogenesis stages
Although it is known that neurogenesis in the dorsal midbrain occurs between E11.5 and E15.5 (Edwards et al., 1986) , we tried to observe the distribution of glutamatergic and GABAergic neurons in the dorsal midbrain at early neurogenesis stages (E11.5-E13.5). To visualize GABAergic neurons, we used the GAD67 Genes to Cells ARIMURA et Al. Obata, 2005; Yamanaka, Yanagawa, & Obata, 2004) . GFP and Brn3a coimmunolabeling showed their mutually exclusive expression in the midbrain of GAD67 +/GFP embryos ( Figure 2A -C), confirming that GFP and Brn3a signals can be used as specific markers for GABAergic and glutamatergic neurons in the midbrain, respectively. At E11.5, many GFP-positive GABAergic neurons were observed in the IZ and the MZ in the ventral midbrain ( Figure  2Aa,b) . However, in the dorsal region, GABAergic neurons were hardly detected (Figure 2Aa,c) (Tsunekawa et al., 2005) . In the dorso-lateral region, a small population of GABAergic neurons were found in the IZ (Figure 2Aa ). Because GABAergic neurons in the IZ had tangentially extending processes in the MZ (arrowhead in Figure 2Aa ), they were thought to be derived from a ventral origin (Tsunekawa et al., 2005) . These findings suggest that, at E11.5, GABAergic neuron production occurs in the ventral midbrain but not in the dorsal midbrain, consistent with previous observations (Tsunekawa et al., 2005) . However, Brn3a-positive glutamatergic neurons were observed in the dorsal midbrain at the same stage (Figure 2Aa-c) .
At E12.5, GFP-positive GABAergic neurons were observed in the dorsal midbrain, even in the dorsalmost part (Figure 2Ba,c) . Some of them were in the IZ, extending their processes perpendicularly (arrowheads in Figure 2Bb ), implying that they arose from the adjacent VZ. Brn3a-positive neurons were located in the IZ of the dorsal midbrain, intermingled with GABAergic neurons (Figure 2Ba-c) . At E13.5, both GABAergic and glutamatergic neurons were increased and intermingled at the dorsal region (Figure 2Ca-c) . Previous chimeric lineage-trace studies have suggested that a certain group of neural progenitor cells of the dorsal midbrain could produce both GABAergic and glutamatergic neurons (Tan et al., 2002) , which form radially dispersed columnar cell clusters. Intermingled distribution of the two types of neurons as early as E12.5 ( Figure 2B ) may support this notion.
Although it has been suggested that GABAergic and glutamatergic neurons are produced by progenitors in the VZ, it is unclear whether two types of neurons emerge at the same time and the same place. To test this, we carried out a 5-bromo-2′-deoxyuridine (BrdU) incorporation study, in which dividing cells in S-phase were labeled with BrdU. BrdU was administered to GAD67 +/GFP embryos at E12.5, and subsequently embryos were fixed and subjected to immunostaining ( Figure 3a) . In embryos fixed 8 hr after administration, BrdU signals were mainly detected in proliferative (Ki67-positive) cells but rarely observed either in GABAergic (GFP-positive) or glutamatergic (Brn3a-positive) neurons (data not shown). However, at 16 hr after administration, many BrdU-incorporated cells expressed GFP or Brn3a (Figure 3b -f, green or red arrows, respectively). Those GABAergic and glutamatergic neurons were located close to each other at the border of the Figure 3b ). Because midbrain cells do not migrate laterally so fast at this stage (Tan et al., 2002) , this observation suggests that both GABAergic and glutamatergic neurons emerge from the same ventricular region at the same developmental stage.
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| Glutamatergic lineage cells in the dorsal midbrain
Next, we focused on the differentiation of glutamatergic neurons. Immunostaining for five markers of glutamatergic lineage cells, Pax6, Tbr2, Neurog2, NeuroD and Brn3a, was carried out. Pax6, a homeodomain transcription factor, is expressed in radial glia of the VZ of the embryonic neocortex (Englund et al., 2005) . Interestingly, in the dorsal midbrain, Pax6 was weakly expressed only in Ki67-strong cells at the mitotic zone, but not in Ki67-weak cells in interphase zone of the VZ (Figure 4a ). In the neocortex, Tbr2 (also called Eomes), a T-domain transcription factor, is expressed in mitotic intermediate progenitors (also called basal progenitors) in the SVZ (Englund et al., 2005) . In the dorsal midbrain, Tbr2 was detected in some cells scattered within or above the interphase zone of the VZ, although Tbr2 and Ki67 signals seldom overlapped (Figure 4b ). At late embryonic stages, Given that the number of Tbr2-expressing cells is small, they might be a subset of immature neurons. The expression of Neurogenin2 (Neurog2, also called Ngn2), a bHLH transcription factor, was interspersed at the interphase zone of the VZ and partially overlapped with Tbr2 expression (Figure 4c,d) . A previous report suggested that Neurog2 is expressed in excitatory (glutamatergic and dopaminergic) progenitors in the ventral midbrain (Nakatani et al., 2007) . However, in the dorsal area, most Neurog2-positive cells did not co-express Ki67 (Figure 4c ), suggesting that those cells are postmitotic neurons. NeuroD (also known as β2), a basic helix-loop-helix transcription factor expressed in immature glutamatergic neurons (Liu et al., 2000) , was expressed at the border of the interphase zone of the VZ and the IZ ( Figure   5a ). NeuroD-positive cells did not co-express Ki67 (arrows in Figure 5a ), and some of them co-expressed Hu C/D, an early pan-neuronal marker (arrowhead in Figure 5b ), suggesting that these cells are immature postmitotic neurons. As our antibodies against Neurog2 and NeuroD were produced in the same species, we could not determine whether there was an overlap between these two proteins. However, as some cells at their borders co-expressed Neurog2/Tbr2, Tbr2/NeuroD and NeuroD/ Brn3a (arrowheads in Figures 4d and 5c,d ), it suggests that Neurog2-, Tbr2-, NeuroD-and Brn3a-positive cells are in the glutamatergic lineage and presumably immature glutamatergic neurons in the dorsal midbrain, as they are in the neocortex.
| GABAergic lineage cells in the dorsal midbrain
In the midbrain, Ascl1 (also known as Mash1), a bHLH transcription factor, and GATA2, a GATA-binding transcription factor, are expressed in progenitor and postmitotic neurons, respectively, in the GABAergic lineage (Kala et al., 2009; Miyoshi, Bessho, Yamada, & Kageyama, 2004; Nakayama, Yamagata, Tanji, & Hoshi, 2008; Willett & Greene, 2011) . Thus, we confirmed the relative localization of Ascl1-, GATA2-and GAD67-positive cells during the peak of neurogenesis (E13.5) in the dorsal midbrain. Ascl1 was detected in the Ki67-positive VZ (Figure 6a ). Some Ascl1-positive cells co-expressed Ki67 strongly in mitotic zone of the VZ (arrowhead in Figure 6a ). GATA2-positive cells were located in the interphase zone of the VZ, and more than 90% of GATA2 cells were Ki67-negative (>90%), as previously reported (Figure 6b ) (Kala et al., 2009; Willett & Greene, 2011) . GABAergic neurons, visualize by GFP in GAD67 +/ GFP embryos, were located in the IZ (Figure 6c ). Taken together, we confirmed that Ascl1-positive progenitors were in the VZ, and GATA2-expressing immature neurons that give rise to mature GABAergic neurons in the IZ were in the interphase of the VZ (Figure 10a ,b).
| Prox1 expression in glutamatergic and
GABAergic neurons
Prox1, a prospero homeobox protein 1, is known to function as a key regulatory protein in hippocampal excitatory granule cells and caudal ganglionic eminence 
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(CGE)-derived inhibitory interneurons (Iwano, Masuda, Kiyonari, Enomoto, & Matsuzaki, 2012; Miyoshi et al., 2015; Oliver et al., 1993) , but its expression in the midbrain has not been reported. In the dorsal midbrain at E13.5, we detected Prox1-positive cells in the interphase zone of the VZ, and the border of the VZ and the IZ, that did not co-express Ki67 (arrows in Figure 7a ). In addition, Prox1-expressing cells were found in either GATA2-or Neurog2-positive cells (arrowheads in Figure 7b ,c). These observations suggest that Prox1 is expressed transiently in both glutamatergic and GABAergic immature neurons during neurogenesis.
| Active JNK distribution and laminar composition in the dorsal midbrain
In the developing cerebral cortex, active JNK (phosphorylated JNK on Thr183 and Tyr185) is exclusively expressed in the IZ and thus a good marker to visualize laminar structure (Hirai et al., 2002; Hori et al., 2014; Kawauchi, Chihama, Nabeshima, & Hoshino, 2003) . Thus, we examined the distribution of active JNK in the dorsal midbrain at several embryonic stages by immunostaining. At E11.5, several cells aligned along the mitotic zone of the VZ were stained with the active JNK antibody (Figure 8Aa) . Also, at E13.5, active JNK signals were found at the mitotic zone of the VZ ( Figure   8Ab ). Because these cells strongly expressed Ki67, they are presumably progenitor cells in the mitotic phase (data not shown). In addition, active JNK was detected in the horizontal fibrous structures at the pial side of the E13.5 dorsal midbrain (arrowheads in Figure 8Ab ), which was not observed at E11.5 (Figure 8Aa ). At E15.5, the active JNK signals visualize a layer-like structure (Figure 8Ac ,e,f), which seemed to reflect the previously reported layer structure by Edwards et al. (Edwards et al., 1986) . They referred to these primary five layers as the VZ, PAG, strata profundum (SP), intermedium (SI) and superficiale (SS) in the dorsal midbrain at this stage, according to morphological observations of the samples stained by Golgi method and Cajal-de Castro fiber methods. Very few active JNK-strong-positive cells were found in the mitotic zone of the VZ at E15.5 (Figure 8Ac,f) , presumably due to the reduction of mitotic cells in this area as previously reported (Edwards et al., 1986) . Active JNK signals were very weak in the PAG and very strong in the transversely oriented fiber bundles in the SP. Scattered and dotted signals were observed in the SI and SS that contain rostrocaudally oriented fiber fascicles (Figure 8Ac ,f) (Edwards et al., 1986) . Compared with N-cadherin, which is an adhesion molecule expressed in neuronal soma and axonal shafts in the IZ of the embryonic neocortex (Xu et al., 2015) , active JNK appears to be a better marker for clear visualization of the laminar structure of the developing dorsal midbrain. It is known that the basic structure of the dorsal midbrain is established at E18.5 (Altman & Bayer, 1981) . Traditionally, the SC was divided into seven layers, stratum zonale (SZ), stratum griseum superficiale (SGS), stratum opticum (SO), stratum griseum intermedium (SGI), stratum album intermedium (SAI), stratum griseum profundum (SGP) and stratum Genes to Cells
album profundum (SAP), through morphological observations (Figure 8Be ) (Altman & Bayer, 1981; Edwards et al., 1986 Stein & Meredith, 1993) . We carried out in utero electroporation with pCAG-EGFP into the VZ of the midbrain at E13.5 and fixed the F I G U R E 9 The differential placement of distinctly generated populations of glutamatergic and GABAergic neurons. embryos at E18.5, in order to monitor the morphology and distribution of neurons that were produced at E13.5 ( Figure  8Ba ). GFP signals were found in only a small area facing the ventricle, which was presumably the site of gene electroporation (arrow in Figure 8Bb ). GFP-positive cells in the parenchyma were distributed widely compared with the electroporation site, suggesting that neurons generated at the VZ do not always migrate radially but occasionally move laterally. This is consistent with previous clonal analyses (Tan et al., 2002) . Some radially oriented cells bore leading process-like structures of migrating neurons. In the dSC, GFP-positive axons were oriented transversely, which were not observed in the sSC/iSC (arrowheads in Figure 8Bb ), consistent with previous findings (Edwards et al., 1986) . At E18.5, active JNK staining clearly defined the layer structures of sSC/iSC, dSC and PAG (Figure 8Bb,d,e) . In the dSC, active JNK was found on the transverse axon fibers (Figure 8Bb,c) , some of which were visualize with GFP (arrowhead in Figure 8Bc ). In contrast, only a dotted pattern of active JNK was observed in the sSC/iSC, which overlapped with neither DAPI-labeled nucleus (data not shown) nor EGFP-expressing soma (Figure 8Be ). These results suggest that the dotted pattern of active JNK is not cell bodies, but presumably longitudinal bundles running in the sSC/iSC, as previously reported (Edwards et al., 1986) . Thus, active JNK represents a good marker to clearly demarcate the sSC/iSC, dSC and PAG layers in the dorsal midbrain.
| Destinations of
GABAergic and glutamatergic neurons with different birthdates in the dorsal midbrain
Postmitotic neurons were distributed throughout the entire dorsal midbrain at E15.5 except for the VZ. Because most DAPI-labeled cells outside the VZ were immunolabeled with either GFP or Brn3a, most GFP-negative cells can be assumed to be glutamatergic neurons in GAD67 +/GFP mice (Figures 3 and 9a) . We estimated the relationships between birthdates and destinations of glutamatergic and GABAergic neurons, by administering BrdU and EdU at E11.5 and E13.5, respectively, to GAD67 +/GFP mice, which were subsequently fixed at E18.5, a time point when the early-born neurons reach their final positions (Figure 9b ) (Edwards et al., 1986) . Immunolabeling showed that BrdU/GFP double-positive (E11.5-born inhibitory) neurons were mainly distributed in the sSC/iSC (Figure 9c,d) . However, BrdUpositive/GFP-negative (E11.5-born glutamatergic) neurons were evenly distributed in the three layers, sSC/iSC, dSC and PAG. As to E13.5-born neurons, more than 80% of EdU/GFP double-positive (GABAergic) neurons were found in the distal region, whereas only 50% of EdU-positive/GFP-negative (glutamatergic) neurons were in the sSC/iSC ( Figure  9c,d,e) . These observations suggest that glutamatergic and
GABAergic neurons born at distinct stages have different migratory features.
| DISCUSSION
In this study, we examined the layered structure of the embryonic dorsal midbrain by labeling proliferative cells and differentiating neurons at E13.5, the peak of neurogenesis. We revealed that Ki67-strong-positive and pH3-positive mitotic cells localized at the ventricular surface (mitotic zone), but not within the VZ (interphase zone) (Figure 10a,b) . These dividing progenitors were also labeled with Pax6 and active JNK. We show that postmitotic neurons are produced in the mitotic zone, and maturing neurons migrate toward the IZ (Figure 10b ). In the interphase zone of the VZ, there is a subgroup of postmitotic neurons that transiently express early markers of glutamatergic neuronal lineage, such as Neurog2, Tbr2 and NeuroD. Brn3a was mainly expressed in the IZ and partially co-expressed with Tbr2 and NeuroD. Given the sequential expression of Neurog2, Tbr2 and NeuroD in hippocampal neurons (Englund et al., 2005; Haubensak, Attardo, Denk, & Huttner, 2004; Heins et al., 2002; Miyata et al., 2004; Noctor, Martinez-Cerdeno, Ivic, & Kriegstein, 2004; Scardigli, Baumer, Gruss, Guillemot, & Roux, 2003) , this neuronal subpopulation appears to be composed of glutamatergic neurons (Figure 10b ). In contrast, other immature neurons expressed markers of the GABAergic neuronal lineage, such as Ascl1 and GATA2 in the interphase zone. In the boundary area of the VZ and IZ, neurons co-expressed GAD67, suggesting that they are GABAergic (Figure 10b ). We also found that active JNK immunolabeling exhibits a trilaminate pattern from E15.5 to E18.5, demonstrating that active JNK is a useful marker for the detection of three layers in the SC, sSC/iSC, dSC and PAG (Figure 10c ). Using this marker and a birth date labeling method, we revealed that glutamatergic and GABAergic neurons labeled simultaneously underwent differentiation independently and were diversely distributed at the terminal destination throughout the dorsal midbrain.
| Differences between the cortex and the midbrain
During early cortical development (E11.5 to E12.5), radial glial cells (RGCs), located in the VZ, function as neuronal progenitors and generate self-renewing RGCs and neurons (Nadarajah, Brunstrom, Grutzendler, Wong, & Pearlman, 2001; Tamamaki, Nakamura, & Kaneko, 2001 progenitors, labeled with Tbr2, move to the SVZ and divide and differentiate into neurons (Tabata & Nakajima, 2003; Wu et al., 2005) . Postmitotic neurons, generated in the VZ and the SVZ, migrate toward the pial surface undergoing a multipolar-bipolar transition during later cortical development (Noctor et al., 2004) . In our study, we revealed that in the dorsal midbrain, the proliferative cells (Ki67-positive) were located in the VZ, whereas mitotic cells were only observed at the ventricular surface, suggesting that there is no area corresponding to the SVZ of developing neocortex. In our study, 30-min BrdU administration at E12.5 resulted in the stacking of BrdU-labeled cells in the upper area of the VZ interphase zone (data not shown). This indicates the possibility that the progenitor cells change their somal positions by interkinetic nuclear migration along the apico-basal axis, depending on the cell cycle in the VZ as is observed in cortex (Taverna & Huttner, 2010) . Additionally, it suggests that cell division including neurogenesis is restricted to the ventricular surface, but not within the VZ. We did not observe intermediate progenitors-like mitotic cells in interphase zone; almost of all premature neurons (DCX-positive or Hu C/D-positive) exhibited radially oriented cell shapes and were localized in the IZ, suggesting that premature neurons exited from the ventricular surface to radially migrate toward the pial surface, without transforming into tangentially oriented multipolar neurons (DCX-positive) as observed in embryonic neocortex. Overall, given this localization of mitotic cells and neuronal morphology, the composition of the developing dorsal midbrain appears to closely resemble that of early neocortex neurogenesis. The existence of intermediate progenitors in the midbrain will require more extensive analysis in the future.
| The characteristics of Ascl1-positive and Neurog2-positive cells
Ascl1 is primarily expressed in the ventral telencephalon and regulates formation of GABAergic interneurons, whereas Neurog2 is expressed in the dorsal telencephalon and regulates formation of glutamatergic pyramidal neurons (Fode et al., 2000; Parras et al., 2002) . In the dorsal midbrain, Ascl1-positive cells are observed throughout the VZ, whereas Neurog2-positive cells are mainly in the interphase zone of the VZ. Interestingly, some Neurog2-positive cells are Ki67-negative, suggesting that these cells are postmitotic cells. These results are, in fact, consistent with previous studies; in the embryonic ventral midbrain, Ascl1-positive cells co-express Tal2 and GATA2, postmitotic terminal selector genes during GABAergic neurogenesis (Achim et al., 2013) . In the human midgestational cortex, Ascl1 is expressed in GABAergic interneurons originating from the dorsal forebrain proliferative zone, but not from ganglionic eminence (Jakovcevski, Mayer, & Zecevic, 2011; Letinic, Zoncu, & Rakic, 2002) . Neurog2 (Ngn2) is also reportedly expressed in cycling progenitors in the later stage of G1 and/or in cells that had exited the cell cycle and entered G0 in developing neocortex (Britz et al., 2006) . Another study in chick embryonic midbrain reported that the dorsal chick Neurog2 (cNgn2) expression is detected primarily in the marginal zone and might mark the differentiated glutamatergic neurons rather than their progenitors (Kala et al., 2009) . Thus, Ascl1 and Neurog2 seem to function not only in the proliferative phase but also in postmitotic phases. Roles for Ascl1 and Neurog1 (Ngn1) in the ventral midbrain have been previously reported. In the midbrain and caudal diencephalon of Ascl1-null mice, GABAergic neurons are almost completely missing, seemingly replaced by the generation of other neurons (Miyoshi et al., 2004) . Exogenous Ngn1-expressing cells in the dorsal midbrain generate glutamatergic neurons (Nakatani et al., 2007) . These functions might be required for postmitotic cells as a selector gene of the neuronal identity, and demonstrate the neuronal heterogeneity of mesencephalic neurons during development.
| The characteristics of Pax6-positive or
Tbr2-positive cells
In the developing neocortex, Pax6 is expressed in almost all radial glial cells and is substantially down-regulated in most Tbr2-positive intermediate progenitors (Englund et al., 2005) . Cells undergoing surface-dividing mitoses express Pax6 but not Tbr2, whereas those involved in non-surface-dividing mitoses express Tbr2 but little or no Pax6 (Englund et al., 2005) . Interestingly, in the dorsal midbrain, Pax6 is transiently expressed in surface-dividing mitotic cells, but not in radial glial cells in the interphase zone. Moreover, a few scattered Tbr2-positive cells were located in the interphase zone and hardly co-expressed Ki67, indicating that, unlike the neocortex, the dorsal midbrain does not contain many Tbr2-positive proliferative intermediate progenitors. These expression patterns of Pax6 and Tbr2 suggest that the transcription factor sequence Pax6→Tbr2, observed in neocortex and rhombic lip of cerebellum (Englundet al., 2006 (Englundet al., , 2005 , is not applicable to the dorsal midbrain. As Tbr2-positive cells disappear at E15.5, a later stage of neurogenesis (data not shown), it is distinct from unipolar brush cells, which continuously express Tbr2 in adult cerebellum (Englund et al., 2006) . The discontinuous and independent expression of Pax6 and Tbr2 in the dorsal midbrain might function in a unique pathway of cell production and/or differentiation in the dorsal midbrain. Considering that the existence and increase in intermediate progenitors are thought to be important for the evolution of the neocortex (Hansen, Lui, Parker, & Kriegstein, 2010; Kriegstein, Noctor, & Martinez-Cerdeno, 2006) , the tectum (including the dorsal midbrain) might have developed a prototype of neurogenesis during early evolution. Further elucidation of the precise molecular mechanisms that underlie neuronal migration in the dorsal midbrain and comparison with the neocortex might provide insights into changes in the development of the CNS during the course of evolution.
| Function of Prox1 in the dorsal midbrain
Prox1 has been suggested to be an essential regulator of neurogenesis in developing neuronal stem cells (NSCs) and the adult dentate gyrus (DG) of the hippocampus. Prospero, the Drosophila homologue of Prox1 in vertebrates, is a critical regulator of the balance between self-renewal and differentiation in NSCs (Choksi et al., 2006; Li & Vaessin, 2000) . In the vertebrate spinal cord, Prox1 regulates the fine balance between proliferation and differentiation of NSCs and neuroblastoma cancer progression (Foskolou, Stellas, Rozani, Lavigne, & Politis, 2013; Kaltezioti et al., 2010) . Interestingly, Prox1 is partially co-expressed with Ascl1 (Mash1) and Neurog2 (Ngn2) in the SVZ of the murine brain and chick spinal cord during the initial stages of neurogenesis (Misra, Gui, & Matise, 2008; Torii et al., 1999) . Overexpression of these factors is sufficient to induce Prox1 expression, suggesting that Prox1 in the embryonic CNS is induced by proneural genes and is required for implementation of their neurogenic program. In the dorsal midbrain, Prox1 is partially co-expressed GATA2 or Neurog2, and its restricted expression is observed in the interphase zone of the VZ and the lower IZ. This transient expression pattern highlights Prox1's role in both GABAergic and glutamatergic neurogenesis, although most Prox1-positive cells are Ki67-negative, postmitotic cells. Prox1 function in postmitotic neurons has been proposed in hippocampal and cortical neurogenesis. At later prenatal and postnatal developmental stages, Prox1 is detected in proliferative intermediate progenitors and postmitotic granule cells that mainly compose the adult DG, and is necessary for intermediate progenitor maintenance and survival as well as granule neuron differentiation and maturation in embryonic and adult hippocampus (Iwano et al., 2012 & Oliver, 2010) . Interestingly, Prox1 postmitotically specifies DG granule cell identity over CA3 pyramidal cell fate in the early postnatal and adult hippocampus (Iwano et al., 2012; Lavado & Oliver, 2007) . In the developmental cortex, Prox1 is expressed in postmitotic CGE-derived cortical interneurons (Miyoshi et al., 2015) . It was reported that Prox1 function is required for direct cell migration, differentiation, circuit integration and maintenance programs in a subtype-specific manner (Miyoshi et al., 2015) . The postmitotic function of Prox1 in the dorsal midbrain might be similar to that of CEG-derived interneurons. Further analysis is required for addressing Prox1 function in the dorsal midbrain.
| Active JNK and neuronal migration
We previously proposed a crucial role for JNK in neuronal migration and show that its functional suppression causes abnormal neuronal migration in the cerebral cortex (Hori et al., 2014; Kawauchi et al., 2003) . Dominant negative (DN) JNK-expressing cells display a spindle-like morphology with a twisted and irregular leading process at E15.5 in cerebral cortex, suggesting that JNK is required for acquiring proper leading process morphology though regulating normal microtubule formation (Kawauchi et al., 2003) . However, at E11.5 and E13.5 in the dorsal midbrain, the immunolabeling of active JNK was observed in the surface-dividing cells and transversely migrating axons in the IZ, but not in migrating neurons (DCX-positive). As mentioned above, immature neurons (DCX-positive) in the later developing neocortex change their morphology from multipolar to bipolar, bearing a single leading process. This morphological change in DCXpositive neurons was not observed during the middle stage of neurogenesis in the dorsal midbrain; most DCX-positive neurons exhibited a bipolar shape, raising the possibility that JNK activity may be required for the proper reassembly of microtubules in the morphological transition from multipolar to bipolar, and not required for the simple leading process formation just after neurogenesis by RGC in the dorsal midbrain. Taken together, the molecular mechanism of neuronal migration in the dorsal midbrain appears to be different from that in neocortex. Further analysis will shed light to better understand the morphological changes and the molecular mechanisms of neuronal migration in the dorsal midbrain.
| Subtype differentiation and termination
In this study, we revealed that excitatory and inhibitory neurons, generated in a similar stage and area, migrate toward distinct terminal destinations. Among excitatory neurons born at a similar stage, individual neurons terminate in three different layers including sSC/iSC, dSC and PAG (Stein & Meredith, 1993) . As each layer involves a distinct subtype of excitatory neuron, it appears that the various types of excitatory neurons arise simultaneously from the same ventricular surface in the dorsal midbrain. This suggests that several types of neuronal progenitors might be generated in the ventricular surface. How is neuronal fate determined in the dorsal midbrain? There are studies describing the molecular machinery required for GABAergic and glutamatergic neuronal differentiation. Ascl1 and Helt are involved in the GABAergic determination pathway in ventral midbrain progenitors (Nakatani et al., 2007) . Others reported that GATA2 is required for migration and differentiation of retinorecipient neurons in late-phase SC neurogenesis (Willett & Greene, 2011) . Pitx2 is necessary for GABAergic differentiation and migration, but not early patterning in intermediate SC (Willett & Greene, 2011) . Cooperative roles of Tal1/Tal2, a bHLH protein, and GATA2 are required for GABAergic subtype specification in ventral midbrain (Achim et al., 2013) . There are reports addressing the specification or differentiation of excitatory and inhibitory neurons, but it the machinery for subtype specification or terminal destination underlying neurogenetic heterogeneity remains unknown. Recently, La Mannno et al. reported single-cell RNA sequencing of proliferative cell and differentiated cells to examine ventral midbrain development in humans and mouse (La Manno et al., 2016) . They found that after the acquisition of a basic neuronal identity, maturation appears to mainly involve the addition of genes with cell-type-specific functions (La Manno et al., 2016) . These types of studies seem to give insight into the molecular machinery programming mesencephalic neurogenesis and may reveal more deep understanding of subtype determination.
| EXPERIMENTAL PROCEDURES
| Animals and tissue preparation
All animal experiments in this study have been approved by the Animal Care and Use Committee of the National Institute of Neuroscience, Japan. ICR pregnant mice were purchased from SLC Japan. GAD67 +/GFP alleles have been described previously (Tamamaki et al., 2003; Tsunekawa et al., 2005; Yamanaka et al., 2004) . ICR mice purchased from SLC Japan were used for most of the experiments.
| Antibodies and immunohistochemistry
Noon on the day when a vaginal plug was detected was considered E0.5. Embryos at E11.5, E13.5, E15.5 and E18.5 were dissected in ice-cold PBS and fixed in 4% paraformaldehyde (PFA) for 2 hr at 4°C. Fixed embryos and dissected tissues were cryoprotected by overnight immersion in 30%
| In Utero electroporation
All animals were treated according to protocols approved by the Institutional animal care and ethical committee of the NCNP. ICR pregnant mice at E13.5 were anesthetized by intraperitoneal administration of dexmedetomidine (0.3 mg/kg; Zenoaq), midazolam (2 mg/kg; Astellas Pharma) and butorphanol tartrate (2.5 mg/kg; Meiji Seika Pharma) on a heating pad. The uterine horns were exposed, and the plasmid pCAG-EGFP vector (0.5 μg/ml) mixed with Fast Green (Sigma) microinjected into the third ventricles of E13.5 mouse embryos with a glass micropipette (G-1.0; Narishige). Electric pulses (33 V, 4 pulses; 30 ms on, 970 ms off) delivered across the head of the embryos targeting the dorsal medial part of the midbrain with forcep-type electrodes (CUY650P5, NEPA GENE) connected to an electroporator (CUY21E, NEPA GENE). After electroporation, uteri were placed back in the abdominal cavity, allowing embryos to continue developing. After 5 days, embryos were collected and subjected to immunohistochemical analysis.
| BrdU and EdU labeling
Pregnant mice at E11.5 and E13.5 were given one intraperitoneal injection of BrdU (Sigma-Aldrich) or EdU (Sigma-Aldrich) at 40 mg/kg. At E13.5, embryonic brains were harvested and fixed. EdU detection was carried out using the Click-iT imaging Kit (Thermo Fisher Scientific). After washing twice with PBS, sliced samples were incubated with 4% PFA for 20 min at RT. Then samples were treated with 2 N HCl for 30 min at 37°C and incubated with rat anti-BrdU antibody (1:200; ab6326, Abcam) at 4°C overnight, followed by incubation with Alex 488-conjugated secondary antibody.
| Quantifications
For all experiments, at least three mice per genotype were examined. GFP and BrdU or EdU puncta quantification were carried out with ImageJ free image analysis software (NIH). Images were automatically thresholded with Max Entropy algorithm in ImageJ, and the resulting masks were automatically analyzed with "image calculator" and "analyze particle" tools, to draw out the GFP-positive/BrdU-positive or GFP-positive/EdU-positive cells. Quantification was done by determining the number of BrdU-positive or EdU-positive cells in EGFP-positive or EGFP-negative populations that were localized in respective layers of the dorsal midbrain divided by active JNK immunolabeling. KRT table was attached with this manuscript.
